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As society ages and the frequency of falls increases, counteracting gait and posture decline
is a challenging issue for countries of the developed world. Previous studies have shown
that exercise and hazard management help to improve balance and/or decrease the risks
for falling in normal aging. Motor activity based on motor-skill learning, particularly dance,
can also beneﬁt balance and decreases falls with age. Recent studies have suggested that
older dancers have better balance, posture, or gait than non-dancers. Additionally, clinical
or laboratory measures have shown improvements in some aspects of balance after dance
interventions in elderly trainees. This study examined the impact of contemporary dance
(CD) and of fall prevention (FP) programs on postural control of older adults. Posturography
of quiet upright stance was performed in 41 participants aged 59–86 years before and after
4.4-month training in either CD or FP once a week. Though classical statistic scores failed
to show any effect, dynamic analyses of the center-of-pressure displacements revealed
signiﬁcant changes after training. Speciﬁcally, practice of CD enhanced the critical time
interval in diffusion analysis, and reduced recurrence and mathematical stability in recur-
rence quantiﬁcation analysis, whereas practice of FP induced or tended to induce the
reverse patterns. Such effects were obtained only in the eyes open condition. We sug-
gest that CD training based on motor improvisation favored stochastic posture inducing
plasticity in motor control, while FP training based on more stereotyped behaviors did not.
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INTRODUCTION
Balance is a complex function achieved by (i) multi-sensory inte-
gration of visual, vestibular, and somesthetic afferences, (ii) cen-
tral motor control, and (iii) context-speciﬁc response generation
(Nashner, 1976). In aging, changes occur in visual (Lord, 2006),
vestibular (Kristinsdottir et al., 2001), proprioceptive and extero-
ceptive inputs (Famula et al., 2008), central processing (Horak,
2006), and muscular effectors (Schultz, 1995). Reduced sensory
cue congruency, increased visual dependency and motor tone
cause decreased balance and unsteady gait (Judge, 2003). Balance
and gait disorders are the second risk factor for falls in aging
with dramatic morbidity and mortality consequences (Ruben-
stein, 2006). Developing strategies to prevent falls is thus a major
issue of public health to preserve a successful aging (Judge, 2003).
Several programs have been proposed to improve balance and
reduce falls in aging: exercise, environmental inspection, and haz-
ard management (Day et al., 2002; Rubenstein, 2006). Home- or
center-based exercise interventions have focused on the training
of lower limb strength and of balance (Robertson et al., 2001),
walking and stair climbingwithweights, joint reinforcement, func-
tional balance (King et al., 2002), or ﬂexed posture (Benedetti et al.,
2008), and their efﬁcacy has been assessedusing clinical (Berg et al.,
1995; Rossiter-Fornoff et al., 1995) or laboratory (Benedetti et al.,
2008) measures. Tai Chi and dance have also been suggested to
be promising programs to develop balance and prevent falls in
older adults (American Geriatrics Society, British Geriatrics Soci-
ety, and American Academy of Orthopaedic Surgeons Panel on
Falls Prevention, 2001; Judge, 2003).
Cross-sectional studies have shown that older social dancers
(i.e., ballroom, in line, or pairs) have better balance, a more sta-
ble walking pattern (Verghese, 2006), faster leg reaction time, and
better postural stability (Zhang et al., 2008) than non-dancers.
In an intervention study, Shigematsu et al. (2002) showed that
20 women aged 72–87 years trained to 36 sessions of dance-
based aerobic exercise had better balance in single-leg stance and
functional reach, and higher locomotion in walking around two
cones, compared to untrained controls. After only six sessions of
a Laban-based movement program, Hamburg and Clair (2003)
observed that 36 adults aged 63–86 years increased their balance
in time up-and-go and standing toe/heel lifts, and their velocity
and cadence gait. Alpert et al. (2009) reported a progressive bal-
ance improvement in the Sensory Organization Test in 13 women
aged 52–88 years performing jazz dance for 15 weeks. Hui et al.
(2009) compared 52 adults aged 68 years in average trained to low
impact aerobic dance (cross and Cha-cha steps) to 42 untrained
controls. After 24 sessions, dancers had improved their dynamic
balance in time up-and-go, but not their static balance as assessed
by the Physical Performance Battery.
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The purpose of this study was to examine the effects of two
motor activities sought to improve balance, contemporary dance
(CD), and fall prevention (FP), on postural control of older adults.
To achieve this goal, we used a force platform and measured
the center-of-pressure (CoP) displacements in upright stance,
eyes open, and eyes closed, before and after 4.4 months of train-
ing. In addition to classical statistic scores (length, areas, mean,
and variance velocities, Romberg quotient, fractal dimension), we
examined the dynamics of CoP displacements using stabilogram
diffusion analysis (SDA;Collins andDeLuca,1993) and recurrence
quantiﬁcation analysis (RQA; Riley et al., 1999). In SDA, Collins
and De Luca (1993) have shown that the trajectories of the mean
square displacement plotted as a function of time interval are dif-
ferent from those expected for a Brownian motion. Indeed, the SD
plot changes slope after a critical point thus exhibiting short- and
long-term regions which, from a physiological viewpoint, respec-
tively approximate open- and closed-loop control mechanisms.
RQA is a non-linear method that yields, among others, the degree
of autocorrelation measured by recurrence (%REC), determinism
vs. randomness (%DET), and mathematical stability measured
by maximal line diagonal (MAXL). RQA is an empirical method
rather than a theoretical approach. Thus RQA measures are not
considered as absolute but must be taken with respect to the levels
of a manipulated data (e.g., before and after a training; Riley et al.,
1999).
Regarding the inﬂuence of the sensory context (i.e., vision),
SDA has shown two patterns. Visual input has caused either a
decrease or an increase in stochastic activity, which has been
interpreted in both schemes to serve to decrease the stiffness
of the musculoskeletal system (Collins and De Luca, 1995). In
RQA, the deterministic structure of CoP displacements increase
with the eyes closed as compared to eyes open (Riley et al.,
1999). With regards to age, critical mean square displacement
and critical time interval increase with age in SDA (Collins et al.,
1995). While no systematic study has been done on the aging
effect on RQA measures (Riley et al., 1999), %REC, %DET, and
MAXL are known to increase with decreasing behavioral ﬂexibility
(Riley et al., 1999; Webber and Zbilut, 2005). Consistent, Parkin-
son’s disease yield higher values of %REC, %DET, and MAXL
compared to healthy controls (Schmit et al., 2006), while ballet
dancers have lower RQA values than track athletes (Schmit et al.,
2005).
In this study, we expected the CD program to favor stochastic
posture in SDA and postural ﬂexibility in RQA in higher pro-
portion than the FP program. As both training programs were
mostly performed eyes open, such effects were expected to be
observed in the eyes open condition. To justify this hypothesis,
we suggest that normal aging is accompanied by inﬂexibility as a
result of decreasing motor and cognitive control with age. Indeed,
attentional control show more precocious and larger decline than
other functions in older adults (Bherer et al., 2004), consistent
with an early decline of prefrontal areas of the brain (Rajah
and D’Esposito, 2005; Raz and Rodrigue, 2006). As a correlate,
motor control has been shown to decline with age with pejora-
tive consequences for gait and posture (de Bruin and Schmidt,
2010; Theill et al., 2011). In a recent study, Coubard et al. (2011)
showed that the practice of CD improved switching attention
(i.e., cognitive ﬂexibility), which was not the case of that of FP
or of Tai Chi Chuan. As CD focused on motor improvisation
while FP and Tai Chi Chuan taught motor routines, it was sug-
gested that CD may have worked as a training for change, thus
inducing plasticity in ﬂexible attention (Coubard et al., 2011).
Yet the causal relationship between motor and cognitive dimen-
sions remain under debate (Coubard, 2011), we suggest that such
a motor correlate may be observed for posture. In other words, we
expectedCD to improvemotor ﬂexibility (in otherwords to reduce
motor stiffness) as compared to FP, which should take the form
of higher stochastic activity in SDA and reduced determinism in
RQA.
MATERIALS AND METHODS
PARTICIPANTS
Forty-one French natives participated in the study, which was
approved by the local ethics committee (Ecole des Hautes Etudes
en Sciences Sociales, Paris). They were right-handed, had normal
or corrected-to-normal vision, no known neurological disorders,
and were unaware of the goal of the experiment. Table 1 details the
participants’ sex, age, body mass index (BMI, deﬁned as the weight
divided by the squared height in kg m−2), years of education, and
their score in the Mini-Mental State Examination (MMSE) for
cognitive status (Folstein et al., 1975).
Sixteen participants aged 64–83 years made up the CD group,
and 25 participants aged 59–86 years made up the FP group. The
two groups were matched in sex (Chi2< 1), age (t < 1), BMI
(t 39 = 1.84, P > 0.05), education (t 39 = 1.38, P > 0.05), and their
score in the MMSE (t < 1).
The two groups were matched in past physical activity as appre-
ciated by the reported years of practice, except for gymnastics. One
participant had done 1 year of FP in the past, eight participants
had done 4.0± 5.4 years of aqua gymnastics (no between-group
difference, Mann–Whitney test, Z < 1), and 19 of them had done
4.7± 4.5 years of gymnastics,with higher practice for the FP group
(Mann–Whitney, Z =−2.68, P < 0.01).
APPARATUS
Static posture was examined using a Techno-Concept platform
(Céreste, France), which consisted of two dynamometric clogs,
one for each foot, embedded in a board so that the angle made
by the feet was 30˚. The displacements of the CoP were recorded
for 51.2 s and digitized at 40 Hz using a 16 bit analogical–digital
converter.
Table 1 | Number (gender) or mean±SD (age, BMI, education, MMSE)
for the groups of participants (CD, contemporary dance; FP, fall
prevention).
CD FP
Sex (women/men) 16/0 23/2
Age (years) 73.7±5.5 72.9±7.2
BMI (kgm−2) 26.9±4.8 24.6±3.3
Education (years) 9.8±4.4 7.8±3.9
MMSE (/30) 27.4±1.4 27.2±2.1
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TRAINING PROGRAMS
Participants were trained to CD or FP for 4.42 months in average.
Participants did not have a choice in the training in which they
were enrolled, which was set by the district where they lived in
the Ile-de-France region. The training was conducted by a profes-
sional instructor and supervised by a senior teacher, each in their
specialty (CD or FP). The frequency of the training was once a
week, and each session lasted 1 h. Music could be used during up
to 50% of the session duration. Participants did not take part in
other motor programs during the intervention period.
Contemporary dance
Contemporary dance focused on motor improvisation. (1) Open-
ing was adapted to the needs of the group (e.g., variations of the
action of walking, free dance on a popular music). (2) Warm-
up and preparation to dance. Body was awakened by passive and
active movements of joints, and movements of muscular stretch-
ing promoting coordination, link between breath and movement,
and body positioning and alignment. (3) Improvisation. Based
on a theme or constraint (word, action, idea, object, music, or
location), it was organized around four steps: (i) individual explo-
ration of the theme; (ii) exploration in pair or more taking into
account the others’ presence; (iii) each group presented the work
developed in (i) and (ii); (iv) participants improvised in a solo
and developed a natural movement to express their own sensa-
tions. At steps (i) and (ii), the instructor suggested dance tools to
favor exploration and use of each individual and of the exercise
resources. (4) Closure. Cooling down by breath and massages. For
a session, 5, 20, 30, and 5 min were respectively dedicated to the
stages 1–4.
Fall prevention
Fall prevention focused on balance and the development of lower
limbs. A session was organized as follows. (1) Warm-up and
stretching. (2) Development of visual, vestibular, kinaesthetic, and
proprioceptive functions, through speciﬁc exercises, to optimize
each function. (3) Workshops were organized around objects: as
example, participants stepped over obstacles,walked on foam rub-
bers, on small bags of sand,on a rope, etc. The training emphasized
motor skills ensuring postural stability, as well as accuracy and
amplitude of movements. (4) Cooling down and stretching. The
training was performed individually and in pairs. For a session, 10,
20, 20, and 10 min were respectively dedicated to the stages 1–4.
POSTURAL RECORDING
Participants underwent postural recordings before and after the
training intervention. In a quiet normal illuminated room, they
stood in an upright posture on the platform, barefoot, and their
arms comfortably at their sides, with the instruction to breathe
normally and keep relaxed. Participants underwent four condi-
tions: in the eyes closed condition, they wore a mask in front of
their eyes enabling darkness; in the eyes open conditions, they ﬁx-
ated a black circular surface at eye level subtending 1.5˚ of visual
angle, at a distance of 600, 150, or 40 cm (Coubard, 2011). When
necessary, participants wore their usual spectacle correction.
POSTURAL MEASUREMENTS
Raw data provided by the manufacturer software were pre-
processed using home-made scripts under Matlab 7.0 (The
MathWorks, USA). First and last of the 2048 samples were dis-
carded as they exhibited artifacts due to respectively onset and off-
set of the recording, and only positions of the CoP in mediolateral
(x) and anteroposterior (y) planes were kept for further analysis.
An example of CoP displacements is illustrated in Figure 1A. We
calculated statistic scores and performed dynamic analyses using
home-made scripts under R (www.r-project.org).
Statistic scores
We measured the length (in millimeters, mm), the conﬁdence
ellipse area (in mm2) that includes 90% of the positions of the
CoP, and the mean and variance velocities (in mm s−1) of the
CoP displacements. We also calculated the convex hull area (in
mm2) including 100% of the positions of the CoP (Andrew, 1979;
see Figure 1A), the Romberg quotient as the surface conﬁdence
ellipse eyes closed divided by the average one in the eyes open
conditions, and the fractal dimension ratio (Chiari et al., 2000).
Diffusion analysis
We plotted the planar mean square displacement of the CoP
<Δr2> in mm2 (where r is the sum of the displacements in the
mediolateral and anteroposterior planes, and the brackets means
the average over time) as a function of time intervalΔt in seconds
(see Figure 1B). We calculated the diffusion coefﬁcients DS and
DL (in mm2 s−1) for respectively the short- and long-term regions
(before and after the critical point) from the slopes of linear-linear
plots of <Δr2> vs. Δt curves, and calculated the correspond-
ing scaling exponents H S and HL from the log–log plots of such
curves. We measured the coordinates of the critical point sepa-
rating short- and long-term regions, deﬁned as the critical time
interval Δt rc (in s) on the x axis and the critical mean square
displacement<Δr2>c (in mm2) on the y axis (see Figure 1B).
Recurrence quantiﬁcation analysis
We examined the local recurrence of data points in the recon-
structed phase space. Following input parameters were chosen
according to Webber and Zbilut’s (2005) recommendations: time
lag was set to 50 ms corresponding to two samples; the embedding
dimension was set to 12; the radius was restricted to the values
2–3% of the mean distance between data points since 1% or 4–5%
provided respectively not enough and too many recurrent points;
the number of successive points to deﬁne a diagonal line segment
was set to 3. We measured the percentage of %REC and of %DET,
and the MAXL. We calculated the three measures separately for
the x and y planes of the CoP ﬂuctuations, and for radii equal to
2 and 3%. An example of RQA plot is shown in Figure 1C.
STATISTICAL ANALYSIS
All measures were submitted to analyses of variance (ANOVAs)
with Group (two levels: CD vs. FP) as between-participant factor,
Period (two levels: pre-test vs. post-test), and Eye (two levels: eyes
closed, eyes open) aswithin-participant factors. The training dura-
tion was entered as a covariate in all statistical analyses since it was
higher in the CD group compared to the FP group (5.06± 0.92 vs.
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FIGURE 1 | (A) Statokinesigram of center-of-pressure (CoP)
displacements. Anteroposterior displacements of the CoP (Yp) are plotted
against mediolateral displacements (Xp) in millimeters (mm). The convex
hull area is shown in dotted line. (B) Stabilogram-diffusion plot. We show
the mean square CoP displacement (<Δr 2>) in mm2 as a function of time
interval (Δt ) in seconds. Experimental data is shown in full line, and
theoretical ﬁtting for the ﬁrst and second regressions is shown in dotted
line. The critical point between the two regressions is indicated by its
coordinates (emphasized by semi-dotted lines) on the x axis (Δt rc) and on
the y axis (<Δr 2>c). (C) Recurrence quantiﬁcation analysis plot. In this
example, the phase space is shown for mediolateral ﬂuctuations (CPx) for a
radius of 3%.Thus, for a sphere of radius equal to 3% of the mean distance
between data points of the phase space, we calculated for i =1−N and
j =1−N (where N is the total number of data points) the distance
between data points x (i) and x (j), and darkened every recurrent point for
which the distance was below the radius. For i = j, the distance is zero
resulting in the central diagonal line.
4.01± 0.85 months, respectively; t 39 = 3.73, P < 0.001). Post hoc
tests were calculated using Fisher’s least signiﬁcant difference
(LSD) method. Critical results were corroborated by calcu-
lating more conservative post hoc tests using Newman–Keuls
(NK) method. For critical results, we also calculated effects sizes
usingCohen’smeasure deﬁned as (mexp −mctrl)/[(σexp + σctrl)/2],
where m and σ are respectively mean and SD for experimental
(CD) and control (FP) groups. We used Statistica 7.0 (StatSoft,
USA) for all analyses. Distributional information was given by
standard errors (SE).
RESULTS
STATISTIC SCORES
Results are detailed in Table 2. Three-way ANOVAs with Group,
Period, and Eye as factors showed neither main effect nor interac-
tion for the length, the conﬁdence ellipse, and convex hull areas,
the mean and variance velocities, and the Romberg quotient. For
fractal dimension, only the Group× Eye interaction was statisti-
cally signiﬁcant (F1,38 = 6.02,P < 0.05), due to a lowermean value
eyes open in the CD group (LSD, P < 0.01).
DIFFUSION ANALYSIS
Results are provided in Table 3. Three-way ANOVAs with Group,
Period, and Eye as factors showed neither main effect nor inter-
action for the diffusion coefﬁcient DS, the scaling exponents H S
and HL, and the critical mean square displacement <Δr2>c. For
the diffusion coefﬁcient DL, we found a main effect of Period
(1.48 vs. 1.78 mm2 s−1 in pre- and post-test periods, respectively;
F1,38 = 4.57, P < 0.05).
For the critical time interval Δt rc, we observed a main effect
of Group (1.48 vs. 1.14 s in the CD and FP groups, respec-
tively; F1,38 = 6.84, P < 0.05). Critical for our hypothesis, the
Group×Period× Eye interaction was signiﬁcant (F1,38 = 4.21,
P < 0.05), with eyes open an increase between the pre- and post-
test periods in the CD group (1.53 vs. 1.65 s; LSD, P = 0.030; NK,
P = 0.045) vs. a tendency for a decrease in the FP group (1.16
vs. 1.02 s; LSD, P = 0.059). With respect to effect sizes, Cohen’s d
values in the eyes open condition were 2.93 and 4.75 in pre- and
post-test periods, respectively (see Figure 2A).
RECURRENCE QUANTIFICATION ANALYSIS
Table 4 shows detailed results. In the mediolateral plane, three-
way ANOVAs with Group, Period, and Eye as factors showed a
main effect of Group for %REC and a radius of 2% (F1,38 = 9.90,
P < 0.01), for %REC-3% (F1,38 = 9.66, P < 0.01), for MAXL-
2% (F1,38 = 11.8, P < 0.01), and for MAXL-3% (F1,38 = 6.95,
P < 0.05) with higher mean values in the CD group, and a
main effect of Period for %REC-2% (F1,38 = 5.41, P < 0.05)
with a higher value in the pre-test period. We observed a
Group× Eye interaction for all measures except MAXL-2% due
to systematic higher mean values eyes open in the CD group
(LSD, P < 0.05), and a Period × Eye interaction for %REC-2%
(F1,38 = 5.65, P < 0.05), and %REC-3% (F1,38 = 4.90, P < 0.05)
with only a tendency for higher mean values eyes open in the
post-test period (LSD, P > 0.05).
With regard to our hypothesis, we found a Group×Period
interaction for %REC-2% (F1,38 = 4.34, P < 0.05), which was due
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Table 2 | Mean±SE of statistic scores for the groups of participants (CD, contemporary dance; FP, fall prevention).
Eyes closed Eyes open
CD FP CD FP F P
LENGTH (mm)
Pre-test 703.7±109.0 789.5±86.6 496.6±55.5 538.4±56.0
Post-test 695.9±74.4 709.8±63.5 440.0±29.6 501.7±35.1 <1 –
ELLIPSEAREA (mm2)
Pre-test 345.3±168.4 308.6±67.9 308.6±145.3 155.6±38.9
Post-test 346.8±136.7 262.8±58.2 162.9±21.7 160.9±28.7 1.04 0.314
HULLAREA (mm2)
Pre-test 527.8±260.7 497.1±126.5 402.3±179.6 231.3±67.0
Post-test 445.6±139.4 389.1±94.7 199.6±24.8 235.8±43.7 1.61 0.212
MEANVELOCITY (mms−1)
Pre-test 13.8±2.13 15.4±1.69 9.70±1.09 10.5±1.09
Post-test 13.6±1.45 13.9±1.24 8.60±0.58 9.80±0.69 <1 –
VARIANCEVELOCITY (mms−1)
Pre-test 138.5±50.8 172.2±56.9 61.6±22.1 62.9±17.7
Post-test 133.4±39.9 100.9±17.7 33.9±4.38 49.3±8.24 <1 –
FRACTAL DIMENSION
Pre-test 1.68±0.04 1.70±0.02 1.64±0.03 1.72±0.02
Post-test 1.69±0.03 1.68±0.02 1.64±0.03 1.68±0.02 <1 –
ROMBERG QUOTIENT EYES CLOSED/EYES OPEN
Pre-test 1.08±0.12 2.03±0.18
Post-test 2.12±0.79 1.70±0.18 1.80 0.187
ANOVAs’ F and P values are those of the third-order interaction (except for the Romberg quotient for which F and P values are those of the second-order interaction).
Table 3 | Mean±SE of diffusion analysis for the groups of participants (CD, contemporary dance; FP, fall prevention).
Eyes closed Eyes open
CD FP CD FP F P
DS (mm2 s−1)
Pre-test 44.7±23.2 46.6±14.3 22.6±11.3 18.5±6.80
Post-test 30.8±8.08 32.9±8.43 11.1±1.37 14.6±3.02 <1 –
DL (mm2 s−1)
Pre-test 1.48±0.80 1.30±0.30 1.90±0.69 1.24±0.25
Post-test 2.09±0.91 1.85±0.59 1.69±0.24 1.49±0.25 <1 –
HS
Pre-test 0.688±0.02 0.731±0.018 0.648±0.019 0.657±0.015
Post-test 0.689±0.019 0.714±0.016 0.652±0.019 0.665±0.012 <1 –
HL
Pre-test 0.034±0.011 0.039±0.008 0.081±0.013 0.085±0.009
Post-test 0.044±0.011 0.053±0.010 0.095±0.009 0.104±0.007 <1 –
<Δr2>c (mm2)
Pre-test 108.7±53.0 80.2±19.3 74.7±42.1 32.9±9.66
Post test 88.4±35.9 61.3±12.4 32.4±4.92 27.0±5.17 <1 –
Δtrc (s)
Pre-test 1.41±0.16 1.19±0.13 1.53±0.15 1.16±0.11
Post test 1.32±0.16 1.19±0.12 1.65±0.22* 1.02±0.06 4.21 0.047
ANOVAs’ F and P values are those of the third-order interaction. Asterisk only indicates statistical signiﬁcant difference (LSD, P<05) between pre- and post-test
periods.
Frontiers in Human Neuroscience www.frontiersin.org December 2011 | Volume 5 | Article 169 | 5
Ferruﬁno et al. Contemporary dance and posture
FIGURE 2 | (A) Mean critical time interval Δt rc in seconds from the
diffusion analysis. (B) Mean percentage of recurrence (%REC) and (C)
mean maximal diagonal line (MAXL) for mediolateral ﬂuctuations (CPx) for a
radius of 2% from the recurrence quantiﬁcation analysis. Results are
shown as a function of pre-test (Pre) and post-test (Post) periods, and of
eyes closed (left panels) and eyes open (right panels) conditions, for the
two training programs: contemporary dance (CD) in full lines, and fall
prevention (FP) in dotted lines. Vertical bars are SE. Asterisks only indicate
statistical signiﬁcant difference (LSD, P <0.05) between pre- and post-test
periods within a group.
to a tendency for a decrease between pre- and post-test periods
in the CD group (respectively 0.737 and 0.623; LSD, P > 0.05)
whereas no change occurred in the FP group (0.343 and 0.339;
LSD, P > 0.05). The Group×Period× Eye interaction was signif-
icant for all measures (P < 0.05), with a systematic pattern that is
illustrated in Figures 2B,C. In the eyes open condition, the mean
value decreased in the CD group for all measures (%REC-2%,
LSD, P = 0.002, NK, P = 0.002; %REC-3%, LSD, P = 0.005, NK,
P = 0.006; MAXL-2%, LSD, P = 0.012, NK, P = 0.006), whereas it
increased in the FP group for all measures (LSD, P < 0.05 only for
%DET-2%; see Figures 2B,C). To illustrate effect sizes, Cohen’s
d values for %REC-2% in the eyes open condition were 6.57 and
1.54 in pre- and post-test periods, respectively (see Figure 2B). For
MAXL-2%, Cohen’s d values eyes open were 7.27 and 2.17 in pre-
and post-test periods (see Figure 2C). Eyes closed, the pattern was
the reverse: an increase between the two periods in the CD group
(LSD, P < 0.05 only for %DET-2%) vs. a decrease in the FP group
(LSD, P < 0.05 only for MAXL-3%).
In the anteroposterior plane, three-way ANOVAs with Group,
Period, and Eye as factors showed a main effect of Eye for
%REC-2% (F1,38 = 4.19, P < 0.05) and %REC-3% (F1,38 = 4.16,
P < 0.05) with higher mean values eyes open. As in the mediolat-
eral plane, we observed a Group× Eye interaction for all measures
as a result of higher mean values eyes open in the CD group (LSD,
P < 0.05 except for %REC-3% and %DET-3%).
With respect to our expectancy, a Group ×Period interaction
was found for %REC-2% (F1,38 = 4.10, P < 0.05), as a result of a
tendency for a decrease vs. an increase in mean values between the
pre- and post-test periods in the CD vs. the FP groups, respectively
(the difference between the two periods failed to reach signiﬁ-
cance for the two groups). The Group×Period interaction was
also signiﬁcant for MAXL-2% (F1,38 = 5.50, P < 0.05), for which
the decrease in the CD group was insigniﬁcant contrary to the
increase in the FP group (LSD, P < 0.05). Finally, there was no
third-order interaction for any measure.
DISCUSSION
The main ﬁndings of this study were that the practice of CD
in older adults enhanced the critical time interval in SDA, and
reduced recurrence and mathematical stability in RQA, as com-
pared to practice of FP which tended to induce reverse patterns.
One limitation of this study was that the two groups did not per-
form equally in the pre-test period. The initial higher level in
gymnastics in the FP group may have participated in between-
group disparity and further research is needed to corroborate our
observations.
In aging, previous cross-sectional studies have suggested that
social dance may beneﬁt balance, postural stability, and walking
pattern (Verghese, 2006; Zhang et al., 2008), and intervention stud-
ies have evidenced how aerobic (Shigematsu et al., 2002; Hui et al.,
2009), Laban-based (Hamburg and Clair, 2003), or jazz (Alpert
et al., 2009) dance improve balance using clinical (Shigematsu
et al., 2002; Hamburg and Clair, 2003; Hui et al., 2009) or labo-
ratory (Alpert et al., 2009) measures. Our study is the ﬁrst one
to examine the effects of CD on motor control using postur-
ography and dynamic analyses of static posture before/after the
intervention, which enabled us to provide further insight into
the underlying mechanisms by which dance inﬂuences postural
control (Judge, 2003).
For Collins and De Luca (1993), human being in quiet stand-
ing is viewed not as an inverted pendulum but a pinned-polymer
whose CoP displacements result from a blend of stochastic and
deterministic processes. Over short-term interval, the postural
control systemwouldutilize open-loopmechanismsdominatedby
randomness, before closed-loop mechanisms would be called into
play with a prevalence of deterministic control. Here we showed
that CD delayed the point at which the postural system switches
from open- to closed-loop control, suggesting that CD enlarged
the initial temporal window for motor stochastic processes. A pre-
vious study reported age-related increased critical mean square
displacement and critical time interval resulting in a short-term
interval higher slope, which the authors interpreted as enhanced
postural stiffness with age (Collins et al., 1995). In our CD group,
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Table 4 | Mean±SE of recurrence quantification analysis for the groups of participants (CD, contemporary dance; FP, fall prevention).
Eyes closed Eyes open
CD FP CD FP F P
%REC x 2
Pre-test 0.392±0.116 0.418±0.070 1.08±0.227 0.269±0.040
Post-test 0.658±0.183 0.253±0.063 0.589±0.122* 0.425±0.089 20.8 0.000
%REC x 3
Pre-test 1.16±0.257 1.39±0.187 2.71±0.463 0.955±0.104
Post-test 1.80±0.415 0.880±0.152 1.62±0.253* 1.34±0.201 19.6 0.000
%DET x 2
Pre-test 69.0±3.25 69.8±2.64 78.1±2.18 65.5±2.49
Post-test 74.1±2.58* 68.6±1.65 74.1±2.35 70.2±2.14* 16.7 0.000
%DET x 3
Pre-test 75.8±2.59 77.4±1.57 83.5±1.76 74.5±1.52
Post-test 79.5±2.20 75.2±1.28 80.4±1.69 77.5±1.57 14.3 0.000
MAXL x 2
Pre-test 16.8±6.19 12.9±2.45 34.4±5.39 9.88±1.77
Post-test 19.6±4.64 9.45±2.05 23.1±4.67* 15.0±2.89 9.58 0.004
MAXL x 3
Pre-test 33.4±7.46 41.1±5.59 66.0±6.96 32.8±4.00
Post-test 40.9±7.08 26.3±4.02* 55.3±8.01 39.8±4.61 9.28 0.004
%REC y 2
Pre-test 0.420±0.120 0.332±0.069 0.690±0.218 0.308±0.054
Post-test 0.353±0.080 0.389±0.076 0.538±0.124 0.389±0.056 1.08 0.304
%REC y 3
Pre-test 1.22±0.268 1.01±0.170 1.72±0.483 0.941±0.128
Post-test 1.02±0.181 1.15±0.177 1.43±0.284 1.16±0.130 <1 –
%DET y 2
Pre-test 73.9±1.65 72.8±1.12 73.2±2.64 72.1±1.12
Post-test 70.1±3.34 73.6±1.47 75.1±2.06 72.8±1.38 2.27 0.140
%DET y 3
Pre-test 76.7±2.13 76.6±1.12 77.4±2.41 75.5±1.13
Post-test 76.2±2.13 77.3±1.27 78.9±1.89 77.3±1.02 <1 –
MAXL y 2
Pre-test 15.7±3.70 12.5±2.39 23.7±5.90 12.0±1.85
Post-test 14.5±3.75 18.2±3.31 22.0±4.98 15.6±2.32 <1 –
MAXL y 3
Pre-test 32.8±6.43 28.3±4.27 45.1±8.45 33.7±4.35
Post-test 29.6±4.49 35.5±4.33 49.5±7.01 36.1±4.10 2.20 0.146
ANOVAs’ F and P values are those of the third-order interaction. Asterisks only indicate statistical signiﬁcant difference (LSD, P<05) between pre- and post-test
periods.
post-test increased critical time interval without any change in
critical mean square displacement resulted in lower short-term
interval slope, which suggests reduced postural stiffness after CD
training.
Further insight was provided by RQA approach (Riley et al.,
1999) allowing us to quantify the degree of recurrence, deter-
minism, and mathematical stability of CoP displacements. CD
reduced both recurrence and mathematical stability suggesting
that CoP displacements were less likely to repeat themselves over
time and that their dynamics were more ﬂexible, whereas FP
yielded the opposite tendency. Such a pattern was almost visi-
ble for mediolateral displacements of the CoP, which we explain
from a biomechanical viewpoint by the fact that the base of sup-
port for upright stance is wider in the mediolateral plane than in
the anteroposterior one.
Taken together, we propose that CD promoted stochastic pos-
tural control of older adults, by providing more time to random
postural processes, decreasing repeatability and increasing ﬂexibil-
ity of postural oscillations. In both SDA and RQA, the effects were
observed eyes open,which may be due to the fact that motor activ-
ities were mostly practiced eyes open. Since we measured static
posture, we suggest that CD inﬂuenced the ﬂexibility of the cen-
tral postural system per se, resulting in higher complexity in the
mathematical sense, i.e., higher adaptability in the physiological
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sense. Such effect may have been caused by improvisation which
favored creativity and constant adaptation to constraints in space,
time, interaction with other dancers, whereas FP based on more
stereotyped behaviors tended to produce opposite effects.
Suggesting that CD improves postural ﬂexibility in older adults,
the present study completes a previous report (Coubard et al.,
2011) showing that CD improves cognitive ﬂexibility in aging.
How motor and cognitive dimensions interact to yield parallel
effects needs to be further investigated by measuring motor and
attentional control in the sameparticipants undergoing such train-
ing programs. In the meanwhile, we suggest a cortical-subcortical
loop hypothesis to account for the improvement of postural ﬂexi-
bility.Motor control involves extensive areas of the central nervous
system from the spinal cord to the cerebral cortex: globus pallidus,
putamen, caudate nucleus, thalamus, substantia nigra, subthala-
mic nucleus, cerebellum, reticular formation, vestibular nuclei. At
a higher level, the supplementary motor cortex, the frontal eye
ﬁelds, the dorsolateral prefrontal cortex play a supramotor role in,
respectively, preparing (Jenkins et al., 2000), monitoring (Schall,
2004), and controlling (Rowe et al., 2000) the movement to be
produced by the primary motor cortex.
It is likely that this motor network together with cortical–
subcortical loops linking the cerebral cortex to basal ganglia
(Alexander et al., 1986) may be involved in motor activities such as
CD and FP. However, CD may require higher attentional demand
than FP due to the practice of improvisation. In such a way, the
prefrontal–subcortical interaction may have been recruited with
higher frequency and intensity, resulting in enhanced motor ﬂex-
ibility. Taken together with the report by Coubard et al. (2011),
this study suggests that CD induces changes at both postural and
attentional levels, which may share common characteristics.
To conclude, the results of this study suggested that CD practice
favors ﬂexible postural control in older adults. Taken together with
good acceptance, adherence, and moderate intensity associated
with this practice, we recommend CD to develop motor plasticity
not only in normal aging but also in pathological conditions with
motor stiffness (Schmit et al., 2006).
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